INTRODUCTION
The ability to model complex probes and simulate eddy current examinations is critical to our eddy current inspection system design efforts. The increasing demand for specialized probes creates the need to solve more complex problems than in the past. In this paper, we present details of an effort to improve our modeling capabilities by combining several techniques in order to provide greater flexibility in probe design. The result is a fast and efficient eddy current exam simulation capability for designing probes or probe arrays with complex geometry and material.
Three different modeling techniques have been used at Southwest Research Institute (SwRI) for eddy current probe design-the finite element method (FEM), the volume integral method (VIM), and the boundary element method (BEM). Each has certain advantages and limitations, which will be discussed below.
BACKGROUND
The FEM is the most general technique with the capability of modeling any material or geometry. With this method, a volume mesh is generated which includes probe, part tobe inspected, flaw, and the surrounding air. The field solution is determined for every point in space in the mesh volume. The probe impedance that is determined from this calculation is a single value for the probe at a fixed location with respect to the flaw. In order to obtain the output impedance for an entire scan across the flaw, a new mesh (and a different solution) would have to be generated at every point in the scan. The mesh generation is a critical step and, unfortunately, is also very time consuming. lt is usually not practical to generate a scan with this method; instead, it is used primarily for understanding the physics of probe and material interaction. VIM and BEM are techniques which we have adapted to generate eddy current scan data [1, 2, 3] . The output of our VIM code is probe impedance for a series of scans across a slot-like flaw in a planar, conducting, nonmagnetic medium of up to two layers. The output of our BEM code is probe impedance for scans across a surface-breaking flaw in a single conducting material of arbitrary shape. The material may be magnetic. The advantage of these two techniques is the speed with which each scan and the entire exam can be simulated.
Early versions of our codes used analytic solutions for the exciter and receiver coils. As a result, coil geometry was limited to circular coils with no shielding or core material. There was also some restric.tion on the orientation of the exciter coil and the total number of coils that could be used.
In the work discussed here, the FEM, VIM, and BEM codes are combined to produce a modeling tool which allows eddy current exam simulation with a probe of arbitrary geometry and materials. Results of simulations are presented for the FEM-VIM coupled technique, and comparisons are made with experiment. Work on the FEM-BEM technique has not been completed; results of that work will be presented at another time.
THEORY
Traditional formulations for VIM and BEM depend on coil dimensions and current. Solutions from Dodd and Deeds [4] or equivalent analytic expressions [5, 6] are used for the field produced by the coil, which makes it difficult to model complex probe geometries and arrays, and impossible to model ferrite cores or shielding.
Our new formulations for VIM and BEM differ from the traditional ones in that the expressions are written in terms of the unperturbed fields on a plane outside the coil in air, which provides a significant advantage in extending VIM and BEM to complex probes. We are not restricted to analytic expressions, and the details of the probe do not appear in the equations. Therefore, we can use the most convenient method available for deterrnining the necessary field values, the FEM code. It is weil suited for this purpose, with no modification to existing FEM codes. The probe is modeled in air using FEM, and since the solution is deterrnined at every point in space, it is a simple matter to extract the fields on a plane.
For VIM, we use the reciprocity theorem [7] to write the impedance change in a probe due to the presence of a flaw in a material as (1) where EO is the unperturbed field in a material, Eis the field in the flaw, Gis the material conductivity, V is the flaw volume, and I is the current in the probe. In order to simulate a scan, this integral is calculated at every point in the scan. L1Z depends on the electric field E in the flaw, which is given by an integral equation, where 3 is the skin depth and (; is a Green's tensor [2, 3] .
The discretized form of the equation is
where M is independent of probe geometry. We obtain EO using the theory of eddy currents induced by a coil above a half-space [5] and extending it to two layers
where n = 1 or 2 denotes the layer number, p 0 , z 0 are the Coordinates of the center of the probe in cylindrical geometry, and 226 (4)
Note that EO depends on a~, the Fourier transform of AO (magnetic vector potential) on the plane surface. As we have expressed it, EO depends on the solution to the probe in air which we obtain from a singlefinite element model, the material conductivity, and layer thicknesses.
The important point here is that the probe geometry is not coupled to the flaw geometry. The flaw determines M; the probe in air determines EO. They can be calculated independently and stored; the scan is then generated by calculating L1Z from these data at each point in the scan.
The approach described above is sirnilar tothat used by Burke [8] in which he used the Fourier transform of the magnetic field as input to a calculation for probe impedance over an unflawed material. The magnetic field values were obtained experimentally. The difference between the treatment described here and Burke's treatmentisthat he used an axisymmetric probe and did not consider the flaw case.
APPLICATIONS
The FEM-VIM coupled technique is demonstrated for two problems. In both cases, impedance is calculated foraprobe as it scans across a surface-breaking flaw, and simulated results are compared to experiment.
For the first simulation, the benchmark test described by Burke [9] for eddy current proberesponsewas modeled. The probe was a single air-core coil (absolute coil) with an outside radius of 12.4 mm, axiallength of 6.15 mm, and current of 3790 ampere-turns at 900Hz. The flaw was a 12.6 mm (1) x 0.28 mm (w) x 5.0 mm (h) surface-breaking slot in an alurninum alloy plate ( a = 3.06 x 107 S/m). All details conform to the benchmark experiment described in Reference 9. A sketch of the scan geometry is shown in Figure 1 .
The scan simulation and experiment are compared in Figure 2 . The real and imaginary parts of the complex impedance are plotted for each position in the scan along the length ofthe flaw. Agreement between calculation and experiment is excellent.
As a further demonstration of the FEM-VIM coupled technique, the same simulationwas performed with a slightly modified probe. The same coil was used, but with (1) a ferrite core and (2) both ferrite core and surrounding ferrite shield (cup core). The ferrite was modeled using a constant relative permeability of 2000, which was arbitrarily selected.
The results of this exercise are shown in Figure 3 . As expected, the signal is larger for the probes with ferrite, a feature that is observed experimentally. At the present time, there are no experimental data with which to compare the relative magnitude of the increase. .8. 
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. Figure 2 . Comparison of the change in coil impedance as the probe is scanned over the length of the flaw. The scan geometry with an air-core probe is shown in Figure I . The scan, simulated using the FEM-VIM coupled technique, shows excellent agreement with the benchmark experiment. Figure 3 . Comparison of the simulated response for a coil with an air core, with a ferrite core, and with both a ferrite core and ferrite shield around the coil. These probe configurations were modeled to demoostrate the capability of the FEM-VIM coupled technique.
The second problern simulated was a cross-axis probe developed at SwRI. Forthis probe, separate exciter and receiver coils are wound on a cylindrical ferrite core, as shown in the FEM illustration in Figure 4 . Note that the windings are rectangular. Because of the geometry and the presence of the ferrite, we were not able to model this probe in the past.
The probe is approximately 11 mm outside diameter x 20 mm axial height. The ferrite core is 6 mm in diameter x 10 mm axial height. The current was 50 ampere-tums at 30 kHz. The probe was scanned across a surface-breaking notch approximately 10 mm (I) x 2 mm (w) x 0.2 mm (h) in stainless steel (a= 1.45 x 106 S/m).
The simulated results are compared in Figures 5 and 6 with available experimental data for a sirnilar probe. The peak value of the simulated data is calibrated to match the experimental data by rotating the phase and scaling the amplitude. This impedance plane rotation and scaling is then applied to the entire simulated data set. A comparison of impedance plane signals is shown in Figure 7 . The experimental data differ in the amount of current used for the excitation, and also in the gain applied to the receiver signal. In addition, the experimental probe has a ferrite shield around it; the simulated probe did not. For these reasons, the signals are compared qualitatively. The relative amplitudes ofthe horizontal and vertical components are sirnilar for the two sets of data, and the shapes of the signal are the same.
One of the features of the coupled FEM-VIM simulation is that a liftoff response curve is easily generated. The liftoff curve for the cross-axis probe is shown in Figure 8 .
SUMMARY AND CONCLUSIONS
The ability to model complex probes and simulate eddy current scans is critical to our eddy current system design efforts. By combining the three most commonly used modeling tools-FEM, VIM, and BEM-we have made a significant improvement in our ability to simulate eddy current scans with probes of complex geometry. Figure 4 . The FEM-VIM coupled technique was developed so that probes such as this cross-axis probe could be used for a simulated scan. Theseparate exciter and receiver coils are wound on a cylindrical ferrite core. The coils arereetangular rather than circular, making this probe unsuitable for simulation with earlier versions of the VIM code. Figure 4 .
Horizontal component (volts) Figure 7 . Amplitude and phase plot comparing simulated and experimental data. The gain and phase of the simulated data were calibrated to match the experimental data at one point (the peak) in the scan. In this paper, the FEM-VIM coupled technique was demonstrated. Two probe designs were modeled and simulated results presented. In the first problem, Burke's benchmark experiment was modeled, and excellent agreement with experiment was obtained. In the second problem, our cross-axis probe was modeled, and a qualitative comparison with experimentwas made. Further work is planned in which our FEM-BEM coupled technique will be completed. Further experimental work is also planned to validate the final code.
